We prove that quantum nonlocality is intrinsically noncausal by means of a thought-experiment in which usable superluminal signals are nonlocally transmitted. This contrasts with the general belief that the randomness in correlated measurements always ensures that nonlocality is effectively causal. The key ideas of the experiment are: (1) to polarize the correlated particle pairs leaving the source; (2) that an observer measures the probability of the photon emerging in a given channel of the detector, rather than the correlation of his measurements with those of the second observer.
directions along the x axis. A pair of ideal single-channel polarizers, J1 and J2, the former oriented along the horizontal directionŷ, the latter along the vertical directionẑ, are located one on either side of S. A two-channel polarization analyzer, denoted K, operated by Alice, and another, denoted L, operated by Bob, are located on opposite sides of S at distances d and d + l from S, respectively, with l ≪ d. Let us consider light originating from S at time t = 0. Part of it reaches Alice at time t 1 ≡ d/c, and another part reaches Bob slightly later at time t 2 ≡ (d + l)/c. By prior agreement, Alice measures the polarization at time t 1 and Bob at t 2 . The analyzer L makes a fixed angle b with respect to the vertical about the x-axis. At the time of her measurement, Alice rotates K through a variable angle a (0 ≤ a < π/2) known only to herself. We shall prove that quantum nonlocality implies that at t 2 Bob too will know through what angle Alice has rotated K.
Nonlocal communication
The source S emits a statistical mixture of entangled EPR photon-pairs with no preferred direction of polarization. However, only a pure state Ψ J of the entangled two-particle wavefunctions of the EPR pairs leaves beyond J1 and J2. In each entangled pair of photons, one (labeled A) moves right side beyond J1, and the other (labeled B) moves left beyond J2. Each run ends with Bob measuring the probability R of finding a photon in the + channel with respect to his analyzer, defined by:
where ρ(p, q|a, b) ≤ 1 is the joint probability function of p, q, the polarizations found by Alice and Bob, respectively. Here p, q can take values ±1 (sometimes symbolically written "±"), corresponding to vertical and horizontal polarization with respect to the given analyzer. In Eq. (1), ρ(p, q|a, b), being marginalized over p, can be determined immediately by knowing Bob's measurements alone. In contrast, the correlation function P (a, b) ≡ p,q pqρ(p, q|a, b) must be computed by correlating p and q measurements through a classical channel [3] . Alice's action consists of measuring the polarization of ensemble A: i.e, she measures the polarization of all photons A in the ensemble, at time t 1 . We represent the probability of Alice finding photons in her + channel by P (+), and that for the negative channel by P (−). Assuming Bob detects all and only EPR-counterparts of photons A, then ρ(p, q|a, b) is given by:-
Because of the polarizer J1, P (+) = sin 2 a and P (−) = cos 2 a. The polarizer J2 ensures that all and only the EPR-counterparts of the photons reaching Alice move towards Bob. Therefore, the + channel probability as measured by Bob, according to Eqs. (1) and (2), is:
R is measured as the number of + channel B photons as a fraction of all detected B photons. The fact that R is a function of a implies that Bob can instantaneously know something about the rotation of K. Since Alice's action deterministically affects Bob's measurement, a genuine signal from Alice goes through. Let 0 ≤ a, b < π/2. Then, if Bob finds R = cos 2 b, he knows Alice has not rotated K. Otherwise, by solving Eq. (3), he can determine the angle a through which K has been rotated. Alice encodes information either in terms of a or, in a noisy environment, discrete ranges of it. This outlines the procedure for a nonlocal communication from Alice to Bob. The significance of polarizers J1 and J2 is that without them, the random orientations of the photon pairs ensures that statistically P (+) = P (−) = 0.5. In which case, irrespective of Alice's action, Bob will find R = 0.5, and no communication would have resulted.
Assuming that the ensemble detected by Bob is localized within a size δ x ≪ l, the effective speed of the signal is the ratio between the inter-observer distance and the time delay between their measurements:
where 2d/l is the "superluminality factor". The information can be transmitted arbitrarily faster than light by increasing d and decreasing l. For example, the setting d = 1000 km and l = 20 cm gives v signal = 10 7 c.
Conclusion
The thought experiment shows that nonlocality is intrinsically noncausal. This leads us to doubt that quantum nonlocality as we understand it now can peacefully coexist with Special Relativity. However, unless an experiment is suitably configured, the noncausal element may not be manifest.
